The synthesis of new binaphthyl ruthenium(III) catalysts is described. The oxidation of olefins using these catalysts and iodobenzene diacetate has been studied. We have surprisingly found that α-ketoacetates are formed together with the corresponding epoxides, the selectivity of the reaction depending upon the olefin substitution and the catalyst used. A mechanistic rationalization of the results is described.
Introduction
Oxidative transformation of organic substrates is fundamental for organic synthesis. We have been working on the ruthenium catalyzed oxidation reaction of various substrates, 1-2 such as amines, [3] [4] β-lactams, 5 alkenes 6 and non-activated hydrocarbons 7 under mild conditions highly efficiently. Transition metal-catalyzed asymmetric reactions now constitute one of the most widely used methods to have an easy access to key scaffolds. 8 Several class of ligands such as salens, cinchona alkaloids, bisoxazolines have emerged over the last ten years, but it appears that there is still an unmet need for a new class of ligand. We report herein synthesis of a new class of binaphthyl-derived ligands and their ruthenium(III) complexes, and use for oxidation of alkenes.
Results and Discussion
Manganese complexes proved to be very interesting catalysts for the epoxidation of unactivated olefins, 9-11 oxidations of silylethers 12 and non-activated hydrocarbons; [13] [14] however, the ruthenium complexes remained poorly studied. We have therefore decided to prepare a series of ligands derived from various acetoacetates and cyclic or acyclic diketones. In order to enlarge the variety of ligands and complexes, we have chosen binaphthyldiamine 2 as chiral diamine. It should be noticed that the use of binaphthyldiamine for such purposes is not well documented. Only a few papers deal with the formation of binaphthyl-salen ligands and manganese complexes and their use for asymmetric epoxidation of olefins. 15 Therefore, it seemed very interesting to study i) the synthesis of new binaphthyl-modified ketoester or diketone ligands, ii) the formation of new ruthenium(III) complexes, and iii) the catalytic activity for epoxidation of olefins.
The binaphthyl-modified ligands 3 were efficiently synthesized in two steps starting from readily available acetoacetates or 1,3-diketones which are first formylated then condensed with binaphthyldiamine 2. 11 The sterochemistry of ligands 3 has not been unambiguously proved. 21 has shown that, in the case of the ruthenium(pybox) complexes, iodobenzene diacetate was among the best oxidants (and by far superior to iodosobenzene) for olefins oxidation. In order to make some comparisons with that system, we studied the epoxidation of trans-stilbene 7a under the reported conditions (PhI(OAc) 2 (3 eq.), PhMe, rt, 96h) using our binaphthyl-substituted ruthenium(III) catalyst 6c.
We have surprisingly found that trans-stilbene oxide 8a is not the only product formed in the reaction. A nearly equimolar amount of acetic acid 2-oxo-1,2-diphenyl-ethyl ester (9a) was isolated and its structure was characterized. The ketoacetate 9a becomes the major product, if a large excess of iodobenzene diacetate is used. The addition of 2 equiv. of sodium acetate favors the oxidative cleavage to give benzaldehyde rather than the epoxidation or the formation of the ketoacetate. The use of a more polar solvent retards the reaction and largely favors the formation of the epoxide.
In order to confirm that the ketoacetate did not arise from a ring opening reaction of the firstformed epoxide, an authentic sample of trans-stilbene oxide 8a was allowed to react under the same conditions. No reaction occurred, and the epoxide could be entirely recovered.
Furthermore, the reaction of cis-stilbene 7b afforded a 59/41 mixture of cis-stilbene oxide 8b (d.e. = 94%) and the ketoacetate 9a, the epoxidation reaction being nearly completely stereospecific.
In order to generalize the reactions and therefore to propose a mechanistic pathway for the formation of the ketoacetate, we have studied the reactivity of several differently substituted olefins. The results are presented in Table 4 .
In the case of olefins bearing aromatic groups (entries 1-6), the reaction always gave rise to a mixture of the corresponding epoxide and regioisomeric ketoacetate (or hydroxyacetate in a particular case). However, the oxidation of alkyl-substituted olefins (entries 7-8) gave the epoxide exclusively without any trace of ketoacetate. All the reactions were performed using the conditions listed in Scheme 4 (entry 1).
We have then compared the catalytic activity of several ruthenium complexes for the oxidation of trans-stilbene. The results are presented in Table 5 .
Our binaphthyl-substituted Ru(III) catalyst 6c and RuCl 2 (PPh 3 ) 3 seem to have nearly the same catalytic activity with similar epoxide/ketoacetate ratio's. In contrast, Beller 23 has shown that, under the same experimental conditions, the ruthenium(pybox) catalyst (A) gave rise to the exclusive formation of the epoxide in 80% yield. Interestingly, ruthenium trichloride exclusively afforded the ketoacetate without any trace of the epoxide. The enantiomeric excess obtained with the catalyst 6c is low (4% e.e.). The reason of this behavior remains unclear. It may be possible that one particular mode of ligation by the tetradentate ligand around ruthenium atom in the octahedral complex would be responsible to the absence of selectivity. In the case of classical Mn-salen complexes, it has been proven that the geometry around the metal center was square planar in the case of cationic complexes with two residual ligands in apical positions, trans to each other or slightly square pyramidal in the case of neutral complexes with the residual ligand perpendicular to the plane. 24 Che has shown 15d that, in the case of binaphthyl-salen manganese complexes, the geometry, established by X-ray crystallography around the manganese atom, was octahedral with the Schiff base ligand bound to the metal center in a cis-β configuration, as shown on Scheme 5. The binaphthyl moiety enforces the complexes to adopt a non-square-planar geometry. In our case, it is highly probable, but we were unable to obtain satisfactory monocrystals for X-ray analysis, that the binaphthylsubstituted ruthenium(III) complexes adopt such a mode of ligation. In that case, a much more open space, with various available pathways for the incoming substrate is present around the metal and would be therefore responsible of the absence of enantioselectivity.
Scheme 5
With those results in hand, we propose mechanistic pathways for both the epoxidation and the unexpected ketoacetate formation. To the best of our knowledge, the direct formation of α-ketoacetates by oxidation of an olefin has not been reported. We discovered, some years ago, the catalytic oxidative transformation of olefins to α-ketols, 6 and an extensive study was performed. 6, [25] [26] [27] Thus, the reactions of various alkenes with peracetic acid in the presence of a catalytic amount of ruthenium trichloride in a three component solvent system (CH 3 CN/CH 2 Cl 2 /H 2 O: 1/1/1) gave the corresponding α-ketols regio-and stereoselectively in good yields. The mechanism was rationalized as follows: the reaction of the Ru(III) complex with peracetic acid affords a Ru(V)=O species which undergoes reaction with olefins to give a cationic species. Nucleophilic attack of water before ring closure would give the epoxide or a subsequent β-elimination of ruthenium hydride would give the α-ketol. 6 In our case, such a mechanistic pathway has to be ruled out for two reasons. Firstly, the reaction is inhibited by polar solvents such as acetonitrile that would stabilize cationic species. Secondly, in most cases, the regioselectivity observed in the formation of ketoacetates is very low. Three different pathways are usually proposed to explain the mechanism of the oxygen transfer in Mn-salen catalyzed asymmetric epoxidations: a concerted path (A), a path proceeding via radical intermediates (B) and a metallaoxetane path (C). Type-A mechanism can be excluded. Indeed, when the epoxide (trans-stilbene oxide) is allowed to react with either the binaphthyl-substituted ruthenium complex or ruthenium trichloride in the presence of iodobenzene diacetate, it remains unchanged. Type-B mechanism should also be ruled out, because the reaction of cis-stilbene is completely stereospecific under the standard reaction conditions. Another proposal has been reported to explain the mechanism of oxygen transfer from the oxo-manganese complex to the olefin, namely the formation of an oxometallacycle (type-C). [29] [30] The formation of mixtures of regioisomeric ketoacetates together with the stereospecific formation of epoxides can only be explained by assuming the intermediate formation of a ruthenaoxetane.
In the case of manganese-salen complexes, the commonly postulated intermediate, a manganese-oxo species, should keep the slightly pyramidal conformation of the complex. The formation of a manganaoxetane should result in the obtention of diastereoisomeric octahedral or pseudo-octahedral structures with a phenolic oxygen in an axial position. However, binaphthylsubstituted ruthenium complexes should be characterized, as previously proposed, by a cis mode of ligation (see Scheme 5) . The formation of ruthenacycles, occurring without any change of geometry around the metal center, would therefore be highly favored, as in the case of RuCl 2 (PPh 3 ) 3 .
The formation of ketoacetates can easily be explained by nucleophilic attack of acetate that would result in the ring-opening of the cycle and the subsequent elimination of a rutheniumhydride species. The obtention of regioisomeric ketoacetates reflects the diastereoisomeric ratio of the two ruthenaoxetanes, the latter being probably dependent mostly upon the steric environment around the metal-oxo species. The epoxide/ketoacetates ratio is dependent either upon the stability, or the steric crowding of the oxetane and the nature of the ligands bound to ruthenium. We have shown that the reaction of non-aromatic olefins only gave rise to the formation of epoxides. In that case, the assumed instability and the short life-time of the ruthenacycles would preclude the nucleophilic attack in favor of the intramolecular cyclization, contrary to the case of olefins bearing aromatic substituents which can give rise to more stable intermediates.
The postulated mechanism of the ruthenium catalyzed oxidation of olefins using iodobenzene diacetate as terminal oxidant is shown in Scheme 7. The ruthenium(III) complex is first oxidized into a ruthenium(V)-oxo species which reacts with the olefin to give diastereoisomeric ruthenaoxetanes. Depending upon the electronic and steric properties of the ligands, the ruthenaoxetane intermediate could either directly give the epoxide (cycle A) or be attacked by acetate to afford regioisomeric ketoacetates together with the ruthenium(III)-hydride species which is further oxidized into the ruthenium(V)-oxo (cycle B).
Scheme 7
In conclusion, we synthesized a new type of ruthenium(III) complexes characterized by a binaphthyl moiety as chiral backbone and two 1,3-dicarbonyl units, and showed their reactivity as catalysts for the epoxidation of olefins. The enantiomeric excesses obtained were very low, but this study led us to the discovery of a new type of aromatic olefin oxidation leading directly to ketoacetates.
Experimental Section
General Procedures. Infrared (IR) spectra were recorded on a Shimadzu FT-IR-4100 spectrometer. 1 H and 13 C NMR spectra were measured on a JEOL JNM GSX-270 using CDCl 3
as a solvent and with tetramethylsilane as internal standard. Coupling constants (J) are expressed in Hertz (Hz). Analytical GC measurements were carried out on a Shimadzu GC-12A gas chromatograph (inj.: 250°C, det.: 250°C, column: 100°C, then 10°C/min. and finally 250°C). Chiral HPLC analyses were performed on JASCO TRI-ROTAR-VI system with a JASCO MULTI 340 UV detector by using 250 mm x 4.6 mm analytical columns (DAICEL chiralpak AS, chiralcel OD-H and OB-H).
Solvents: THF and chlorobenzene were distilled on sodium benzophenone ketyl prior to use. Toluene was distilled on sodium. Dichloromethane and dimethylformamide were distilled on calcium hydride. Methanol was distilled on magnesium. Ethanol was distilled on sodium. -3-oxo-butyraldehyde (1c) A 5% HCl solution is added to a solution of the enol ether 5c (8.82 mmol, 1.8 g) in 20 ml of THF. The orange solution is stirred at room temperature for 2 h. Water (10 ml) is added and the mixture is extracted with diethyl ether. The combined organic phases are dried over sodium sulfate and concentrated in vacuo. 2-Benzoyl-3-oxo-butyraldehyde (1.65 g) is obtained (80% pure, contaminated by 16% of benzoylacetone) as an orange oil and used without further purification.
2-Benzoyl

2-Hydroxy-4,4-dimethyl-6-oxo-cyclohex-1-enecarbaldehyde (1d).
Dimethylformamide dimethylacetal (20 mmol, 2.38g) is added dropwise to solid dimedone (20 mmol, 2.80 g), under inert atmosphere, without solvent. The bright yellow solution is stirred for 20 minutes at room temperature then for 10 minutes at 60°C. The mixture is diluted with ethyl acetate (100 ml) and concentrated in vacuo. Pure enamine 5d A 1% HCl solution is added to a solution of the enamine 5d (15 mmol, 2.93 g) in 20 ml of THF. Decoloration occurs and the slightly yellow solution is stirred at room temperature for 2.5 h. Water (30 ml) is added and the mixture is extracted with ethyl acetate. The combined organic phases are dried over sodium sulfate and concentrated in vacuo. Pure 2-Hydroxy-4,4-dimethyl-6-oxo-cyclohex-1-enecarbaldehyde (2.38 g, 94%, 93% from dimedone) is obtained as an orange powder and used without further purification. 
Synthesis of ligands
A mixture of (2R)-binaphthyldiamine and aldehyde (2 eq.) in ethanol and 1,2-dichloroethane (1:2) is heated at 70°C for 3-26 h. The solvents are evaporated under reduced pressure and the crude mixture is purified as mentioned to afford pure ligands. -2-yloxycarbonyl)-3-oxo-but-1-enylamino]-[1,1']binaphthalenyl-2-ylamino}-meth-(E)-ylidene]-3-oxo-butyric acid adamantan-2-yl ester (3a) . 
2-[1-{2'-[(E)-2-(Adamantan
Syntheses of ruthenium (III) complexes
A mixture of ligand and DBU (5 eq.) in anhydrous DMF (3 ml/0.1 mmol of ligand) is stirred at room temperature for 5 minutes. K 2 [RuCl 5 (H 2 O)] (2 eq.) is added at once and the mixture is heated and stirred at 120°C for 24 h. After cooling to room temperature, water is added to precipitate the complex which is filtrated and washed several times with water. Purification of the crude solid by silica gel preparative plates (acetone-CH 2 Cl 2 : 2/3) followed by drying under vacuum affords pure complex. -(2-methoxycarbonyl-3-oxobutylidene)-binaphthyldiamine ruthenium (III) (6b) General procedure for the oxidation of olefins with ruthenium (III) catalysts A 25 ml Schlenk-tube is charged with the olefin, ruthenium catalyst (5% mol.) and toluene (15 ml/mmol of olefin). Iodobenzene diacetate (3 eq.) is then added at once at room temperature and the mixture is stirred for 90 h. A 5% sodium sulfite solution is added and the mixture is extracted with ethyl acetate. The combined organic phases are washed with water, dried over magnesium sulfate and concentrated in vacuo. Purification on silica gel preparative plates (hexane/ethyl acetate) affords pure epoxide and/or ketoacetate.
N,N'-Bis
Oxidation of trans-stilbene 7a
A 25 ml Schlenk-tube is charged with trans-stilbene (0.21 mmol, 38 mg), N,N'-Bis-(2-benzoyl-3-oxobutylidene)-binaphthyldiamine ruthenium(III) 6c (0.01 mmol, 7 mg) and toluene (5 ml). Iodobenzene diacetate (0.63 mmol, 204 mg) is then added at once at room temperature and the mixture is stirred for 90 h. A 5% sodium sulfite solution is added and the mixture is extracted with ethyl acetate. The combined organic phases are washed with water, dried over magnesium sulfate and concentrated in vacuo. Purification on silica gel preparative plates (hexane/ethyl acetate 75/25) affords pure trans-stilbene oxide (16 mg, 39%, compared with an authentic sample) and pure acetic acid 2-oxo-1,2-diphenyl-ethyl ester (17 mg, 32%, colorless oil). 
